Summary. The hydrolysis constants of Th(IV) were determined using the solvent extraction method in a NaClO 4 solution at I = 0.1 and 25
Introduction
Reliable thermodynamic data for tetravalent radionuclides in aqueous solution are required in order to assess the safety of geological disposal of high-level radioactive waste. Therefore, a large number of studies have been conducted into the hydrolysis behavior of tetravalent radionuclides. Various hydrolysis species have been found to form including both mononuclear and polynuclear species [1] [2] [3] [4] [5] [6] . For example, Grenthe et al. investigated the stability constants of Th(IV) hydrous oxides using an EMF titration technique at a concentration of 10 −3 mol dm −3 (M). In order to determine the hydrolysis constants from the titration curve, both mononuclear and polynuclear complexes such as Th 4 (OH) 8 8+ were considered [1] . Ekberg et al. applied both potentiometry and solvent extraction techniques. At acidic pHs, the presence of the mononuclear Th(OH) 3+ and Th(OH) 2 2+ and polynuclear Th 4 (OH) 8 8+ and Th 6 (OH) 15 9+ species was assumed, whereas the additional mononuclear species Th(OH) 3 + and Th(OH) 4 were considered in solvent extraction at near-neutral pH conditions [2] . However, some of the values might be determined with inconsistent hypotheses concerning the existence of mononuclear and polynuclear species in solutions.
Recently, Neck et al. published a review in which an electrostatic model was used to estimate the values for the mononuclear hydrolysis constants of Th(IV) [7] . The values were referred to in the NEA-TDB [8] , but have not been extensively reviewed due to the lack of reliable experimental data. Thus, it is of interest to obtain reliable experimen-*Author for correspondence (E-mail: sasaki@nucleng.kyoto-u.ac.jp).
tal data for the mononuclear hydrolysis constants of Th(IV) in order to make an accurate comparison. In order to obtain such hydrolysis constants for mononuclear species, the Th concentration should be lowered to assure no effect of polynuclear and colloidal species. In the present study of the mononuclear hydrolysis constants of Th(IV), a solvent extraction technique was adopted with a trace amount of thorium in order to avoid the formation of polynuclear and colloidal Th(IV). Additionally, the obtained hydrolysis constants, were used to determine the complexation constants of Th(IV) with typical dicarboxylic acids. Results of this investigation were used to construct a simple model ligand of humic substances in groundwater.
Experimental

Preparation of 234 Th
A traditional ion-exchange technique was used to separate Th(IV) from natural uranium with some modifications, as shown in Fig. 1 [6] . A quantity of 1 mL of 8 M HCl solution containing a gram of U(VI) was added to the top of polypropylene columns (5 mL in volume, Assist Co., Ltd.) containing a strongly basic anion exchange resin, Dowex 1 × 8 (100-200 mesh). The thorium was eluted using an additional 8 M HCl (5 mL each) and collected in a clean Teflon beaker in order to avoid formation of pseudo colloids. After adding a microgram of 232 Th as a carrier, the solution was evaporated to near dryness and then diluted with 8 M HNO 3 . The solution was added to another column with Dowex 1 × 8, and the impurity was eluted using an additional 8 M HNO 3 , which was discarded. Finally, thorium was eluted using 8 M HCl into Teflon beaker, evaporated to near dryness, and diluted with the desired perchloric acid for solvent extraction. No special reagents were added to elute, and the same procedure was repeated several times. The initial concentration of 234 Th in the aqueous phase for solvent extraction was measured to be about 10 −12 M using gammaspectroscopy, and the concentration of 232 Th was estimated to be about 10 −8 M. The content of residual uranium was lower than the detection limit of ICP-MS (< 10 −10 M), and then was much lower than the concentration of 232 Th.
Solvent extraction
Xylene containing an extract of 1 × 10 −2 -1 × 10 −4 M HTTA (thenoyltrifluoroacetone) and the aqueous solution containing Th 4+ at pH c 2-4.5 were added to a polypropylene tube, and shaken for 2 h using a mechanical shaker at 25 ± 1
• C. A combination glass electrode was used to measure the pH, and the reference electrode was filled with 3.6 M NaCl + 0.4 M NaClO 4 in order to avoid precipitation of KClO 4 at the junction of the electrode and the solution. After the quantitative extraction of thorium-TTA complex to the organic phase, the phase was isolated and diluted with pure xylene for the following back-extraction process. The organic phases (3 mL each) were added into the aqueous phases (3.5 mL each) adjusted to the desired pH c and ionic strength (0.1) using HClO 4 and NaOH. After shaking for 2 h and phase separation, the pH c value was measured and taken as the equilibrium pH. The thorium concentration in both phases was determined by measuring the gamma-ray activity of 234 Th. The mass balance of Th(IV) was obtained to be more than 95% and 90% at pH c 1-3 and > 3, respectively, and no serious unexpected reactions such as adsorption on the wall and precipitation at the liquid-liquid interface were observed.
The experimental procedure used to determine the formation constants of the complex with carboxylic acids was similar to that described above [9] . In the present study, four dicarboxylates with different alkyl chains lengths were adopted, as shown in Fig. 2 . The back-extraction conducted using an aqueous phase containing various concentrations of dicarboxylates.
Results and discussion
Formation constants of hydrolysis species
The extraction equilibrium constant, K ex , of thorium can be described as
where the square brackets denote the concentrations of the species and the subscript o denotes the organic phase. Considering the hydrolysis reactions in the aqueous phase, the distribution ratio of Th(IV), D 0 , can be expressed simply by
where the polynuclear hydrolysis species is assumed to be at trace metal concentrations. A least-squares fitting analysis of the experimental data to Eq. (4) was carried out to obtain the equilibrium constants.
where the formation constants β OH,n and β TTA,m (n, m = 1-4) for hydrolysis species and TTA complexes are given by
respectively. The P TTA,4 denotes the partition constant for Th(TTA) 4 between the organic and aqueous phase, which is assumed to be the only extractable neutral thorium complex in the system [2] . The concentration of the protonated extractant HTTA in the aqueous phase is expressed as
where the subscript ini denotes the initial concentration, and K a (6.18 as pK a ) and P HTTA (66.8 by spectrometry) are the acid dissociation constant and the partition constant for HTTA between xylene and water, respectively. The slopes of the log[TTA] − log D 0 plots in Fig. 3 were determined to be 4 at pH c 2.3-3.5. This suggests that the ionic species, Th(TTA) 3+ , Th(TTA) 2 2+ and Th(TTA) 3 + , can be neglected in Eq. (4). Neglecting β TTA,1 , β TTA,2 and β TTA,3 , Eq. (4) can be simplified as follows,
The results of the extraction of Th using 1 × 10 −2 -1 × 10 −4 M HTTA at I = 0.1 are shown in Fig. 4 . In the region of the lower initial concentration of HTTA and the higher pH, the slopes of the extraction curves become small due to the hydrolysis reaction in the aqueous phase. By curve fitting to Eq. (7), the constants of formation of the mononuclear hydrolysis species were determined as shown in Table 1 . In the fitting analysis, a sequential procedure was applied considering the small number of the experimental data of D 0 obtained at higher pH; the β OH,1 and β OH,2 values were first determined, and then the β OH,3 value was determined using the obtained β OH,1 and β OH,2 values. In order to estimate the β OH,4 values, the electrostatic hard sphere model was adopted following previously reported work. The obtained values were corrected to those at I = 0 by taking the specific ion interaction theory [8] for comparison with the literature values. Table 1 ; the values in Ref. [7] and this work are applied to upper and lower figures, respectively. log β OH,n = log β 3 + and Th(OH) 4 , respectively, are used [7] . By comparing the present results with the literature values listed in Table 1 , the present values were found to be consistent with those estimated by Neck et al. [7] . However, the present values are slightly higher than the other experimental values that have been obtained considering the presence of polynuclear species in the fitting analysis. The fractional distributions of the Th(IV) hydrolysis species are shown in Fig. 5 as a function of pH c . Curves are drawn by using the β OH values with each standard deviation in Table 1 .
Formation constants for carboxylate complexes
The distribution ratio, D, in the presence of the watersoluble dicarboxylic acid (H 2 L) is expressed as
where the 1 : p complexes, ThL p ( p ≥ 4), are assumed to be negligible due to steric hindrance of the anionic functional groups and charge neutralization of the metal complex. Then, the value of log D is given by The small part of values estimated by the SIT method; this study, × and [13, 14] for C20, [12, 15, 16] for C21-23, [9, 17] , and [18] [19] [20] [21] for C20-C24, respectively.
where L is the deprotonated free ligand L 2− , and the formation constant of the 1 : p complex ThL p is defined as
Similar to Eq. (7), when the ionic TTA complexes in the aqueous phase are negligible, Eq. (10) can be simplified as
Thus, the difference in the distribution ratio between in the presence and absence of dicarboxylate can be described as follows. Table 2 . Similar to the hydrolysis species, the values at I = 0 are estimated. According to the fragmented model, the dicarboxylate ligand is fragmented into two carboxyl groups "−COO − " [9] . Using the hypothetical ion interaction coefficients for the fragment
the SIT equation can be expressed as follows.
The ε(−COO − , Na + ) value was assumed to be 0.08, the same as that determined for ε(CH 3 COO − , Na + ) [8] , and the ε(Th(−COO − ) 2 p , ClO 4 − ) for the Th-carboxyl group was assumed to be 0 due to the lack of data.
As plotted in Fig. 6 , the β • L,1 values decrease with the increasing alkyl bridge length. For comparison, a number of literature values are plotted after correction to I = 0 using the SIT method. Most of the plots are in good agreement with the present data. Thus, the present experimental procedure and analytical approach are thought to be appropriate for the determination of the hydrolysis and formation constants. The systematic trend for β • L,1 was also observed in the series of the trivalent europium and divalent calcium ions, as shown in Fig. 6 . As already reported for the multidentate coordination of europium ions [9] , the observed trend may be attributed to the strain energy for each chemical bridge between two carboxyl groups which increases with the increasing alkyl chain length.
Conclusions
The hydrolysis constants of Th(IV) were determined using solvent extraction with a trace amount of thorium in order to avoid the formation of polynuclear species and colloids. The values were consistent with the values estimated by Neck et al., but were slightly higher than other literature values, in which the effect of polynuclear species was considered. The complexation constants of Th(IV) with a series of carboxylates were determined, taking the competitive hydrolysis reactions into consideration. A systematic trend of these constants was found for different alkyl chain lengths, similar to that observed for the europium series. These constants will be useful in estimating unknown values of the complexation constants for tetravalent actinides using the fragmental model.
